Five calves were inoculated intravenously with 1 O8 colony forming units (cfu) of Pasteurella haemolytica Al; the mean score for pneumonic consolidation 3 days post-inoculation was 28%, and the mean clinical score was 7.8. Five calves inoculated intratracheally with lo9 cfu of the same strain of P. haemozytica had comparable scores (34% and 8.8). Histological lesions of fibrinous pneumonia were similar in all calves. P. haemolytica was recovered from all but one of the affected lungs. From one calf killed in extremis 3 hours after intravenous inoculation, numbers of bacteria recovered from lung were 1,000-fold greater than from liver and spleen. A similar difference in bacterial numbers was also obtained from a gnotobiotic calf killed in extremis, 12 hours after intravenous inoculation of 1 O8 cfu P. haemolytica. Evidence from these experiments supports the hypothesis that the blood-borne route is important in the pathogenesis of bovine pneumonic pasteurellosis.
Several groups of workers have reproduced pneumonia with Pasteurella haernolytica, and the experimental disease closely resembles naturally occurring bovine pneumonic pasteurell~sis.~,~,~J 1~1 3~1 5 Most of these methods, however, require large numbers of bacteria to be inoculated directly into the lower respiratory tract. Clearly this does not represent the natural pathogenesis of the disease. Inhalation of bacteria from sites of colonization in the nose into the lower respiratory tract is the probable route of infe~tion,~ and to support this hypothesis it has been shown that P. haernolytica readily colonizes the nasal cavities of healthy calves'o and may be recovered from the inspired tracheal air of such calves. 6 An alternative or additional route of infection of the lower respiratory tract became apparent with the isolation of P. haemolytica from the blood of calves following a natural outbreak ofrespiratory disease in calves at this institute." Therefore, in the course of experimental work to establish reliable methods of reproducing pneumonic pasteurellosis we have investigated the effect of inoculating P. haemolytica directly into the bloodstream in both gnotobiotic and conventionally reared calves. This paper describes disease produced by this route and compares it with that produced by the more conventionally used intratracheal route.
Materials and Methods
A pilot experiment (experiment 1) was carried out using two gnotobiotic calves aged 14 and 19 days inoculated intravenously (i/v) with single, different doses of Pasteurella haemolytica serotype 1 ( Table 1 ). The animals were assessed and sampled as described below for experiment 2, except that clinical scores were not made.
A second experiment (experiment 2) was carried out to compare the i/v with the intratracheal (i/t) route of inoculation in 14 conventionally reared and weaned Friesian or Friesian cross Aberdeen Angus calves aged 59 to 104 days at time of challenge. Calves were isolated in four groups in separate rooms 10 days prior to challenge (Table 1) . Their clinical health was monitored for 4 days prior to challenge and subsequently until the end of the experiment (3 to 4 days post-challenge). Clinical scores up to a maximum of six per day were made according to severity: (i) demeanor: apathy = 1, depression = 2, depression, including sternal recumbency = 3; (ii) rectal temperature: > 40 C = 1; and (iii) respiratory embarrassment: rate >50 respirations per minute = 1 or dyspnea = 2.
Calves were challenged with P. haemolytica serotype 1 (strain GC1) reisolated from a gnotobiotic calf (calf 1)8 and grown as a static 6-hour culture in brain heart infusion (BHI) broth or sterile BHI broth (Table 1) . Three or 4 days following challenge, calves were killed by i/v sodium pentobarbitone and exsanguinated. A necropsy was done on each animal and macroscopic lesions noted. Pneumonic ccnsolidation (Yo pneumonia) was scored for each lung and expressed as a percentage of affected dorsal lung surface. Tissue for histopathology and immunolabeling was taken from the lung (three to four sites), trachea, nasal cavity, bronchical lymph nodes, tonsil, liver, and kidney of all animals at slaughter and from the left stifle joint where mentioned. Lung sites were selected from different lobes to include what appeared to be the interface between the lesion and relatively normal tissue. Tissue was fixed in formol-sublimate (1 0% formaldehyde solution in saturated mercuric chloride solution), replaced after 24 hours with 80% ethanol, dehydrated, embedded with paraffin wax, and routinely stained by he-253 Paraffin sections of formol-sublimate-fixed tissue were stained by modificationI2 of Sternberger's peroxidase antiperoxidase methodL6 for the immunolabeling of P. haemolytica organisms with antiserum to P. haemolytica prepared in rabbits. The specificity ofthe reaction was controlled either by omission of the antiserum to P. haemolytica or by applying the full staining procedure to sections of lung from calves experimentally infected with either Mycoplasma bovis or Pasteurella multocida.
Fresh lung tissue (four sites) was taken and homogenized in phosphate buffered saline (PBS) to give a 10% weight/ volume suspension, and the number of colony forming units (cfu) of P. haemolytica was determined by spreading 0.2 ml of ten-fold dilutions in PBS on 5% ox-blood agar plates. Samples from liver and spleen were taken from selected animals and treated in the same way. Synovial fluid from joints and aqueous humor from the eye were diluted and inoculated on blood agar plates as above.
Results

Experiment 1
The clinical response in gnotobiotic calf A32 had a distinct biphasic character. Within 2 hours of inoculation the respiratory rate had risen to 103 respirations per minute (rpm), and the calf was in sternal recumbency. Two to 4 hours later clinical signs were relieved and the animal appeared brighter, the respiratory rate had slowed to 65 rpm, and the calf was able to stand, but a frothy discharge was evident from the mouth. However, by 12 hours post-inoculation the animal had relapsed into sternal recumbency and was destroyed.
A transient clinical response comprising tachypnea and hyperesthesia (coat licking) was noted in gnotobiotic calf A44 immediately following intravenous (i/v) inoculation, but no further clinical signs were noted in this calf up to time of slaughter, 2 days post-inoculation. Pneumonic consolidation scores for A32 and A44 were 36% and 3%, respectively. Large numbers of Pasteurella haemolytica were recovered from the lung of A32 (8.7 log,,, colony forming units [cfu]/ g), but fewer from liver and spleen (4.5 and 3.3 log,, cfu/g, respectively). P. haemolytica was recovered from the blood of both animals but was not recovered from any other tissues of A44. The pneumonic lesion of calf A32 was typical of early pneumonic pasteurellosis, that is, alveoli flooded with fibrin, congested alveolar walls, clusters or whorls of fusiform macrophages, and dilated interlobular lymphatics, many containing fibrin clots. Large numbers of bacteria could be seen in the bronchioles and alveoli (Figs. 1, 2) . No significant histological lesion was apparent in gnotobiotic calf A44.
Experiment 2
The clinical response following challenge in the conventionally reared calves of groups A and B was comparable; mean scores were 7.8 (range 3 to 13) and 8.8 (range 7 to 12), respectively ( Table 2) . Clinical signs by 18 hours post-challenge included apathy, pyrexia, coughing, and raised respiratory rate (> 50 rpm).
In two calves of group A (A228 and A229) which received i/v bacteria, arthritis and hypopyon were also noted ( Table 2 ). These same animals had shown signs of acute respiratory distress within 20 minutes of i/v inoculation, which was successfully treated with flunixin meglumine (Finadyne, Schering Corp., Union, NJ). A third animal (A210), also exhibiting signs of acute respiratory distress, was not treated but was destroyed in extremis 3 hours after inoculation. A considerable volume of clear fluid discharged from the mouth following recumbency and death. In the two other animals of group A (A665 and A674) only slight apprehension and hyperesthesia were noted, no treatment was given, and by 30 minutes post-challenge the animals appeared normal. Subsequently these two an- from groups A and B is shown (Table 2; Fig. 3) . Macroscopically, the lesion seen in both groups comprised red hepatization interspersed with discrete indurated nodules up to 22 mm in diameter. While the macroscopic lesions were greater in calves of group B (mean pneumonic consolidation 34%, range 22 to 5 1%) compared with group A calves (28%, range 14 to 46%), the distribution of the lesions was similar, and the character of the histological reaction essentially the same. Variable sized areas of coagulative necrosis, some occupying whole lobules, were seen (Fig. 4) . The areas were defined by an outer ring of fibroblastic activity and pyknotic cells within which large numbers of macrophages were accumulated, many grouped in characteristic whorl formation showing an oat cell morphology. Large numbers of P. haemolytica organisms could be seen in this area both by Giemsa staining and by immunoperoxidase labeling (Fig. 5 ). Bacteria could also be seen by immunoperoxidase labeling in the tonsillar crypts, bronchial lymph nodes, and occasionally in exudate overlying the tracheal epithelium. A mixed inflammatory cell response was evident outside the areas of necrosis, and extensive deposition of the fibrin was seen in the alveoli (Fig. 6 ). Massive interlobular edema and dilatation of interlobular and pleural lymphatic vessels, many occluded by fibrin thrombi, was also a prominent lesion seen in both i/v and intratracheally inoculated calves (Figs. 4, 7) . The essential lesion in calf A2 10, which was killed within 3 hours of inoculation, was acute pulmonary congestion and edema, but evidence of early macrophage activity and extensive fibrin deposition in alveoli was also seen.
Significant macroscopic or microscopic lesions were not detected in control calves of groups C and D, and no immune labeling was demonstrated in control specimens.
P. haernolytica was reisolated from the lungs of all calves in group A except A674 and from all calves in group B (Table 3 ). Large numbers of bacteria were isolated from the left knee joint of A228 and from the eye of A229. From A210, the animal in acute respiratory distress, lo6 cfu/g of P. haemolyticu were isolated from lung and lo3 cfu/g from liver and spleen. Pastewella rnultocida was also isolated from two calves in group A (A228 and A674) and from one calf in group B (A668).
Discussion
The disease reproduced in the present study closely resembles the natural disease and that produced experimentally by other However, whereas these workers have variously exposed the respiratory tract directly to Pasteurella haemolytica, the present study has shown that an essentially similar pneumonic lesion, both in macroscopic distribution and in microscopic features, may be produced following intravenous (i/v) inoculation of P. haernolytica. Some salient microscopic features of pneumonic pasteurellosis, i.e., fibrin deposition and accumulation of fusiform macrophages in whorls, were seen even as early as 3 and 12 hours after i/v inoculation (Fig. 2) . Evidence from calf A210 and gnotobiotic calf A32 that relatively larger numbers of P. haernolytica may be recovered 3 and 12 hours after inoculation from the lung as compared to liver and spleen further supports the hypothesis that the blood-borne route may be important in the pathogenesis of the disease, and also indicates why the disease is primarily pneumonic following i/v inoculation. The apparent preferential growth and Salmonella d~b l i n ,~ without producing significant or predominant lesions of pneumonic consolidation, nor was there comparable multiplication of bacteria in lung tissue. Recent studies in mice indicate that the tropism for lung is specific for bovine respiratory tissue; intranasal inoculation of P. haemolytica produced pneumonic lesions in mice, but no comparable lesions were produced following inoculation by the i/v route, nor were bacteria reisolated (Gourlay et al., unpublished observation) . Further evidence that P. haemolytica has a preferential tropism for respiratory tissue when present in the bloodstream was seen from the immunolabeling studies where distribution and location of antigen in lung, tonsillar crypts, and bronchiolar lymph nodes following i/v inoculation was essentially respiratory and closely resembled that of intratracheally (Ut) inoculated animals. Bacteria were also found in the eye and joint capsule of two i/v-inoculated animals, but this does not detract from the similarity in distribution of antigen following inoculation by the two routes. The eye and joint lesions may relate to treatment with flunixin meglumine. The hypothesis that i/v spread occurs in bovine pasteurellosis is further endorsed by observations that P. haemolytica may be isolated from blood following intranasal inoculation, and that severe experimental pneumonia may be established in gnotobiotic calves via the intranasal route (Gourlay et al., unpublished observations). Failure to produce significant pulmonary lesions in gnotobiotic calf A44, inoculated with only 1 O6 colony forming units (cfu) of P. haemolytica, probably indicates a sub-minimal, single dose that will not produce experimental respiratory disease by this route. However, this dose did promote the immediate clinical response of tachypnea and hyperesthesia seen following i/v inoculation of larger doses.
The rapid reversal of the immediate-type respiratory distress response, demonstrated in the two animals treated with flunixin meglumine, provides a valuable indicator of the underlying mechanism. Flunixin meglumine is a non-steroidal, anti-inflammatory drug that blocks the cyclo-oxygenase pathway in cells, thereby inhibiting release of various tissue-damaging eicosanoids such as the prostaglandins which are derived from arachidonic acid. Bacterial endotoxin is known to have a potent effect on several cell types such as endothelial cells, platelets, and macrophages which metabolize these eicosanoids. It seems probable, therefore, that the immediate-type response seen in the i/v-inoculated calves was mediated by one of these eicosanoids, possibly thromboxane, and was triggered by endotoxin derived from the i/v-inoculated P. haemolytica. How much the transient response, whether treated or not by flunixin meglumine, was involved in the final pathology is less clear. The pulmonary edema and extensive fibrin production seen as early as 3 and 12 hours after i/v inoculation of P. haemolytica could both be due to bacterial endotoxin. But more than this response is clearly necessary for the full pulmonary lesion to develop as is evident from the animals listed below that exhibited the immediate-type response but failed subsequently to develop lesions of pneumonic pasteurellosis: 1) gnotobiotic calf A44 inoculated with 1 O6 cfu of P. haemolytica i/v; 2) two conventional calves inoculated i/v with lo7 cfu of P. multocida, both of which required treatment with flunixin meglumine, which was su~cessful;~ and 3) an additional gnotobiotic calf A4 1 that received initially sterile supernatant from a culture of P. haemolytica serotype 1, and 48 hours later, heated, dead P. haemolytica both by the i/v route (Gourlay et al., unpublished observation) . This third calf which received no live bacteria but which showed the immediate-type response following both inocula reinforces the probability that endotoxin was responsible for triggering the response. The mechanism involved in the progression of the disease to pneumonic pasteurellosis is probably complex, but failure to produce pneumonic lesions by inoculation of P. multocida i/v5 suggests that the additional leukotoxin possessed by P. haemolytica may play an important role.
Evidence from the studies reported in this paper coupled with the previously reported isolation of P. haemolytica from blood of naturally affected animals17 indicates that the hematogenous route may be important in the natural pathogenesis of bovine pneumonic pasteurellosis. P. haemolytica has been shown to have a particular tropism for bovine lung, and comparison of the i/v and i/t routes of infection has demonstrated that an essentially similar pneumonic lesion may be produced by either route.
